We report the complete sequence of a large rod-shaped DNA virus, called the Hz-1 virus. This virus persistently infects the Heliothis zea cell lines. The Hz-1 virus has a double-stranded circular DNA genome of 228,089 bp encoding 154 open reading frames (ORFs) and also expresses a persistence-associated transcript 1, PAT1. The G؉C content of the Hz-1 virus genome is 41.8%, with a gene density of one gene per 1.47 kb. Sequence analysis revealed that a 9.6-kb region at 43.6 to 47.8 map units harbors five cellular genes encoding proteins with homology to dUTP pyrophosphatase, matrix metalloproteinase, deoxynucleoside kinase, glycine hydroxymethyltransferase, and ribonucleotide reductase large subunit. Other cellular homologs were also detected dispersed in the viral genome. Several baculovirus homologs were detected in the Hz-1 virus genome. These include PxOrf-70, PxOrf-29, AcOrf-81, AcOrf-96, AcOrf-22, VLF-1, RNA polymerase LEF-8 (orf50), and two structural proteins, p74 and p91. The Hz-1 virus p74 homolog shows high structural conservation with a double transmembrane domain at its C terminus. Phylogenetic analysis of the p74 revealed that the Hz-1 virus is evolutionarily distant from the baculoviruses. Another distinctive feature of the Hz-1 virus genome is a gene that is involved in insect development. However, the remainder of the ORFs (81%) encoded proteins that bear no homology to any known proteins. In conclusion, the sequence differences between the Hz-1 virus and the baculoviruses outnumber the similarities and suggest that the Hz-1 virus may form a new family of viruses distantly related to the Baculoviridae.
The Hz-1 virus is a nonoccluded, rod-shaped, enveloped virus with a particle size of 414 Ϯ 30 nm (11) . It contains a circular double-stranded DNA genome of 228 kb with a molecular mass of 131 ϫ 10 6 Da to 140 ϫ 10 6 Da (13, 34) . Hz-1 virus was classified as a member of subgroup C of the Baculoviridae and is a Nudibaculoviridae species. However, low sequence homology between Hz-1 virus and other members of the Baculoviridae was observed. It has been shown that the DNA homology of the Hz-1 virus shares 3% homology with Heliothis armigera granulovirus (HearGV) and 0.1 to 1% homology with several nuclear polyhedrosis viruses (NPVs) and Plodia interpunctella granulovirus (PiGV) by Southern blot hybridization (57) . Originally classified as a member of the Baculoviridae, the Hz-1 virus is currently unclassified due to its lack of an occlusion body, as well as its low DNA homology with other baculoviruses (59) .
The Hz-1 virus was originally identified as a persistent viral infection in the IMC-Hz-1 cell line, which was isolated from the adult ovarian tissues of Heliothis zea (26, 44, 50) . Induction of persistent Hz-1 virus was observed when the IMC-Hz-1 cells were transfected with H. zea NPV (HzNPV) DNA. This resulted in the cytopathic effect typical of a NPV but without occlusion body formation (35) . Activation of the persistent Hz-1 virus in IMC-Hz-1 cells was further confirmed by infection with the homologous virus (Hz-1 virus) or the heterologous viruses HzNPV, Spodoptera frugiperda MNPV (SfMNPV), Spodoptera litura NPV (SpliNPV), and HearGV, as well as heat-and UV-inactivated Trichoplusia ni SNPV (TnSNPV) (39) . The Hz-1 virus can establish persistent infections in other insect cell lines, including IPLB-Ld652 (Lymantria dispar), IPLB-Hz-1075 (Helicoverpa zea), IPLB-SF-21 (Spodoptera frugiperda), and TN368 (Tricoplusia ni) cells (32) . It is the first insect virus to be reported that establishes both productive and persistent infections in insect cells (26, 39) .
Temporal viral gene expression during persistent infection by Hz-1 virus has been reported (11) . There are Ͼ100 genes expressed during a productive infection, with transcript sizes ranging from 0.8 to 9.5 kb (14) . So far, two late genes of Hz-1 virus, p34 and p51, have been identified as expressed at 8 h postinfection during a productive Hz-1 virus infection (28, 29) . In contrast, transcription of the Hz-1 viral genome is mostly silent during persistent infection, with only persistence-associated transcript 1 (PAT1) being expressed (14) . The results of in situ hybridization suggest that PAT1 is localized in the nucleus. In addition, it is not associated with polysomes, and in vitrotranslated products are not detected, suggesting that PAT1 is a noncoding nuclear RNA (15) .
Because of the distinct temporal viral gene expression pattern in a persistent Hz-1 virus infection, the study of Hz-1 virus gene expression regulation may facilitate understanding of the switch between both productive and persistent infections, which is common in a number of viruses pathogenic for humans and animals.
We describe here the complete genome sequence of the Hz-1 virus. This analysis revealed that it has a genome with a 41.8% GϩC content and contains 228,089 bp encoding 154 open reading frames (ORFs), in addition to the PAT1, with a gene density of one gene per 1.47 kb. Twenty-nine predicted Hz-1 ORFs show significant relatedness to the baculovirus and cellular genes. However, the remaining ORFs (81%) bear no detectable homology to any known proteins, suggesting that the Hz-1 virus is evolutionarily distant from the Baculoviridae.
MATERIALS AND METHODS
Virus and viral DNA. The Hz-1 virus was serially diluted and then used to infect TN368 insect culture cells derived from the ovarian tissues of Tricoplusia ni larvae (32) . The infected cells were incubated at 26°C with TNM-FH medium supplemented with 8% heat-inactivated fetal bovine serum (Gibco-BRL, Gaithersburg, Md.) for 48 to 72 h for plaque production. Hz-1 virus from single plaques was selected and scaled up in TN368 cells with a multiplicity of infection (MOI) of 0.01 PFU/cell at 26°C for 24 to 48 h. The viral titer was determined by determining the 50% tissue culture infective dose(s) (57) . To extract the viral DNA, the viral suspensions were centrifuged at 800 ϫ g (RT600D; Sorvall, Newton, Conn.) for 10 min. The supernatant was added on top of a 30% sucrose and centrifuged at 52,714 ϫ g (SW28 rotor; Optima LE-80K Ultracentrifuge; Beckman, Fullerton, Calif.) for 30 min. The pellet was resuspended with 1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) buffer and then added on top of a 40 to 65% sucrose gradient and centrifuged at 52,714 ϫ g as described above for 1 h. The Hz-1 virus particles were banded at a 62 to 63% position. After collection into a new tube, the viral particles were suspended in 1ϫ SSC, centrifuged twice at 52,714 ϫ g for 30 min, and then resuspended in 1ϫ extraction buffer (0.1 M Tris-Cl [pH 7.6], 2.5% sodium dodecyl sulfate, 0.1 M EDTA). The viral particles were digested with proteinase K (40 g/ml; Sigma, St. Louis, Mo.) for 1 h at 50°C, and this step was followed by digestion with 50 g of proteinase K for another 12 h. Viral genomic DNA was extracted with phenolchloroform and precipitated with alcohol. After centrifugation, viral DNA pellets were dissolved in TE buffer (10 mM Tris [pH 8.0], 0.5 mM EDTA).
Hz-1 virus DNA cloning and sequence determination. The Hz-1 virus was sequenced to sevenfold genomic coverage by a shotgun approach. The viral DNA was sheared by nebulization into fragments with an average size of 2,000 bp (HydroShear; GeneMachines, San Carlos, Calif.). DNA fragments were size fractionated by gel electrophoresis and cloned into the SmaI site of pBluescript SK(ϩ/Ϫ) (Promega, Madison, Wis.). After transformation into Escherichia coli DH10B competent cells (Gibco-BRL), 3,000 recombinant colonies were picked randomly. DNA templates for sequencing were isolated by using Multiscreen kits (Millipore, Bedford, Mass.). Sequencing was performed by using the ABI Prism Big Dye Terminator Cycle Sequencing Ready reaction kit with FS AmpliTaq DNA polymerase (Perkin-Elmer, Palo Alto, Calif.) and analyzed on an ABI 377 DNA Analyzer. Shotgun sequences were base called by using the PHRED basecaller and assembled with the PHRAP assembler (22, 23) . PHRAP-assembled data were stored in the Sun workstation assembly database by using the Sun workstation interface (7) . The Sun workstation interface and its features were then used for editing and completing the sequence. Consensus calculations with a quality cutoff value of 40 were performed by using the Sun workstation with a probabilistic consensus algorithm based on expected error rates for output by PHRED. The PCR products bridging the ends of existing contiguous fragments were sequenced, and primers were designed to walk with genomic DNA to fill the remaining gaps in the sequence.
DNA sequence analysis. Genomic DNA composition, structure, repeats, and restriction enzyme patterns were analyzed by using the University of Wisconsin Genetics Computer Group programs (20) and Sequencher v.4.1.2 (GeneCodes, Ann Arbor, Mich.). ORFs encoding more than 50 amino acids (150 bp) were considered protein encoding and hence were designated putative genes. The maximal 154 ORFs were predicted and analyzed from the Artemis program (http://www.sanger.ac.uk/Software/Artemis/) (54) and ORF finder and the BLAST programs of the National Center for Biotechnology Information (http://www .ncbi.nlm.nih.gov/gorf/gorf.html). The overlap between any two ORFs was set to a maximum of 25 amino acids. Otherwise, the largest ORF similar to the previously described ORF was selected. DNA and protein comparisons with entries in the sequence databases were performed by using the FASTA and BLAST programs (3, 50) . Multiple sequence alignments were performed with the PileUp and Gap computer programs (version 10.0; Genetics Computer Group, Madison, Wis.) with the gap creation and extension penalties set to 9 and 2, respectively (20 Nucleotide sequence accession number. The complete Hz-1 virus sequence can be obtained from GenBank (accession no. AF451898).
RESULTS AND DISCUSSION
General features of the Hz-1 virus genome. The Hz-1 virus genome was assembled into a contiguous sequence of 228,689 bp in good agreement with previous predictions of 228-kb based on the restriction enzyme fragment analysis and physical mapping (14) . The GϩC content of Hz-1 virus was 41.8%. A total of 154 ORFs, defined as methionine-initiated ORFs encoding more than 50 amino acids and with a minimal overlap with other ORFs, were present in the Hz-1 virus genome (Table 1 and Fig. 1 ). Together with the noncoding PAT1 (indicated by a bold arrow in Fig. 1 ), 155 genes were detected in the Hz-1 virus genome. The gene density of Hz-1 virus genome was one gene per 1.47 kb, much larger than that for seven NPVs and two GVs (0.87 to 0.99 kb and 0.84 to 0.99 kb, respectively) ( Table 2 ). The ORFs were distributed evenly along the genome: 45% of them were clockwise, and 55% were anticlockwise (Fig. 2) . The first ORF, Hz1V001, was defined as the first ORF present in the A fragment of XhoI-digested Hz-1 virus genome (13) . The locations, orientations, sizes, and BLAST results of the ORFs are shown in Table 1 . Predicted ORFs represent 68.98% coding density, with a mean ORF length of 1,015 nucleotides. The prediction of the viral capsid/coat proteins of the putative ORFs with the characteristics of the TM domain and SP was carried out with the Hidden-Markov model and SignalP software. The predicted results of ORFs with TM domain and/or SP are presented in Table 1 .
A total of 24 Hz-1V ORFs possessed a consensus early promoter motif (a TATA box followed by a CAG/TT motif located 20 to 25 bp downstream) within 180 bp (41) of the initiation codon (Table 1) . Of these, five ORFs also possessed a late gene promoter motif, which may allow transcription of theses genes during both early and late stages of infection. A total of 45 Hz-1V ORFs possessed a consensus late gene promoter motif within 160 bp of the initiation codon. One Hz-1V ORF was found that contained a CGTGC motif that has also been identified as an early promoter consensus sequence-transcription initiation site (41) . A 9-bp sequence of TTATAG TAT was identified at the upstream regulatory regions of both p34 and p51 late genes of Hz-1 virus (28, 29) . A TTATAGTAT motif was found within 200 bp of the initiation codon of three Hz-1V ORFs, including p34 and p51. Of the Hz-1V ORFs, 80 did not possess consensus late or early promoter sequences. It is possible that they may be transcribed from unique early promoters or from consensus late gene promoters other than these sequences.
Repeated regions of Hz-1 virus. The baculovirus contains homologous regions (HRs) containing AT-rich sequences of VOL. 76, 2002 Hz-1 VIRUS GENOME SEQUENCE 9025 (Fig. 1) . Hz-1 virus ORFs encoding products homologous to known proteins. Among the 154 ORFs identified, only 29 have significant homologies to the current database. These include nine involved in nucleic acid metabolism, two involved in DNA replication, three involved in gene regulation, one virion, one nucleocasid protein, and p34 (product of Hz1V079) and p51 (product of Hz1V064), which are the Hz-1 virus late genes as previously reported (28, 29) (Table 1) . However, 125 ORFs (81%) have no similarities to any known genes, suggesting that the Hz-1 virus may form a novel class of virus that is distant from the baculoviruses.
Enzymes involved in nucleic acid metabolism. Nine genesHz1V003, Hz1V007, Hz1V037, Hz1V043, Hz1V069, Hz1V071, Hz1V073, Hz1V095, and Hz1V109-show extensive homologies with previously identified proteins and therefore may encode the Hz-1 virus homologues of enzymes involved in nucleic acid metabolism. The most significant homology (70% identity over 292 amino acids) was detected between the product of Hz1V109 and the human thymidylate synthase gene (ts) ( Table  1) . Thymidylate synthase catalyzes the metabolism of dUTP to yield the nucleotide precursor of dTMP and is an important step in the de novo pathway of biosynthesis of pyrimidine (12) . So far, no ts gene has been reported for baculoviruses. However, homologs of the ts gene have been identified in the genomes of two other insect viruses, Chilo iridescent virus (47) and Melanoplus sanguinipes entomopoxvirus (1). Our previous analysis suggested that the Hz-1 virus ts gene originated from its lepidopteran host and that the ts genes of Hz-1 virus, Chilo iridescent virus, and Melanoplus sanguinipes entomopoxvirus originated from independent recombination events (16) .
The products of Hz1V095 and Hz1V073 show significant homologies to both the large (rr1) and small (rr2) subunits of ribonucleotide reductase (53% identity to equine herpesvirus rr1 over 940 amino acids, and 67% identity to equine herpesvirus rr2 over 334 amino acids, respectively). The rr1 and rr2 genes were separated by 25,989 bp. This enzyme is involved in nucleotide metabolism and reduces ribonucleotides into deoxyribonucleotides as immediate precursors of DNA (37) . Hz1V069 is homologous to dUTP pyrophosphatase (dUTPase) with a 58% identity to Homo sapiens dUTPase over 351 amino acids. dUTPase cleaves the alphabeta phosphodiester bonds of dUTP to form pyrophosphate and dUMP, preventing incorporation of uracil into DNA and providing the substrate for thymine synthesis (42) . dUTPase has been shown to be essential for the replication of a number of DNA viruses (6) . Hz1V071 shows a 44% identity to deoxynucleoside kinase of Drosophila melanogaster over 275 amino acids. Deoxynucleoside kinases are key enzymes in deoxyribonucleoside salvage (37) . Hz1V007 shows a 49% identity to dihydrofolate reductase (DHFR) of Heliothis virescens over 265 amino acids. Hz1V037 shows a 35% identity to the rRNA methyltransferase J large subunit of AcMNPV over 944 amino acids. Hz1V003 shows a 21% identity to histidine kinase of Bacillus halodurans over 568 amino acids (Table 1) . a Nucleotides in the Hz-1 virus genome were numbered sequentially, beginning with the nucleotide in the XhoI-A fragment. ORFs in the Hz-1 virus genome over 150 bp in length were designated ORF1 to ORF154, beginning with the first ORF in the XhoI-A fragment. PAT1 is the noncoding RNA that is transcribed from the reverse strand between the Hz1 V010 and Hz1V011. The presence of baculovirus early (E and E2) and late (L) promoter elements, located within 300 nucleotides of the ATG, is indicated. The presence of nucleotide metabolism enzymes suggests that the Hz-1 virus may synthesize its nucleotides independently of the host cell machinery. A number of viral genes could be acquired from genome DNA or from another virus infecting a common host (53) . Molecular mimicry or genetic piracy, with respect to the utilization of cellular genes captured and modified during the course of viral evolution, has been an area of increasing research with the expansion in virus genome sequencing (19) . A common feature of these captured genes is that they are nonessential for virus replication in vitro and that they confer a selective advantage for virus replication, persistence, and spread or in dealing with host cell differentiation and immune defense mechanisms in vivo (9, 10, 47, 55) . However, few cases have reported on a viral gene captured from its insect host, although many viruses can infect insects. Proteins involved in DNA replication and transcription. Two genes involved in DNA replication were identified in the Hz-1 virus genome. Hz-1 virus DNA ligase (product of Hz1V036) shows a 44% identity to that of Homo sapiens over 1,412 amino acids. The Hz-1 virus DNA polymerase (a product of Hz1V131) was putatively identified by the presence of three highly conserved motifs that are found in most eukaryotic DNA polymerases gene, as well as in some viral polymerases.
Among the three homologues to DNA transcription genes, Hz1V075 shows a 26% identity to yeast (Saccharomyces kluyveri) plasmid pSKL encoding DNA-directed RNA polymerase (33) over 1,203 amino acids. Hz1V090 shows a 24% identity to DNA-dependent RNA polymerase LEF-8 (orf50) of BmNPV over 1,264 amino acids (Table 1 ). Hz1V121 shows a high homology to VLF-1 (56% identity to that of SeMNPV over 334 amino acids). VLF-1 has been shown to regulate very late gene expression (45) and also plays a crucial role in the replication of the budded virus form of AcMNPV (60) . Structural proteins. Among the 29 ORFs of Hz-1 virus that show significant homologies to known proteins, two ORFs show significant homologies to two of baculovirus structural proteins: p74 and vp91-capsid associated protein (products of Hz1V011 and Hz1V046, respectively). No homologs of gp64/ ld130 groups were identified in the predicted Hz-1V ORFs. Hz1V012 shows a 21 to 23% amino acid identity to p74 of 9 NPVs, 2 GVs, and Culex nigipalpus NPV. The amino acid sequences of the p74 gene homologs among the 12 baculoviruses ranged from 31 to 91% identity (56) . It has been shown that p74 is localized on the outside of the virion envelope and is important for virus entry into insect midgut cells (24) . The N terminus of p74 is exposed on the ODV surface and the C terminus of p74 acts as a TM anchor (24) . A remarkable double TM domain at the C terminus of p74 was detected among the 12 baculoviruses and the Hz-1 virus by using the Hidden-Markov model. However, a region with a high amino acid sequence similarity between the Hz-1 virus p74 and that in the baculoviruses was located between amino acids 7 and 579, upstream of the double TM domain (amino acids 624 to 646 and amino acids 673 to 682) (Fig. 3) . It has been suggested that the C terminus of p74 directs the protein into the envelope that surrounds occluded virions (56) . Consistent with this hypothesis, the deletion of the C terminus of AcMNPV p74 abolishes insect oral infectivity but does not interfere with virus replication in cell cultures (43) . No occlusion bodies (OBs) were detected for the Hz-1 virus in cell cultures.
The Hz1V046 product shows a 35% amino acid identity to vp91 capsid-associated protein, a baculovirus capsid-associated protein (5) . In both Hz1V046 and the vp91 capsid-associated protein, a region containing chitin-binding peritrophin A domain (amino acids 250 to 305) was revealed by PFAM searches (Fig. 3) .
A continuous 9.6-kb locus contains five homologues of cellular genes. A continuous 9.6-kb sequence located at 43.6 to 47.8 map units contained five genes homologous to cellular genes (Hz1V069 to Hz1V073). The Hz1V070 product shows 29% amino acid sequence identity to Mus musculus matrix It has been suggested that thymidylate synthase and DHFR, along with SHMT, form a metabolic cycle that methylates dUMP to dTMP. The SHMT enzyme catalyzes the THF-dependent reversible conversion of serine to glycine (18) . The acquisition of several continuous cellular proteins has been observed in Kaposi sarcoma-associated herpesvirus (KSHV, also named human herpesvirus 8) (48) . A single 13-kb locus in the KSHV genome contains nine ORFs that are homologous to or related to cellular proteins (48) . These include a complete ts gene, a DHFR gene, four novel cytokine genes, and a bcl-2 homologue (48).
Other cellular homologs. The Hz1V126 product encodes an ORF of 513 amino acids that shows a 48% amino acid identity to CG4526 of Drosophila melanogaster which harbors a sugar transporter domain from amino acids 53 to 508. Interestingly, the Hz1V145 product encodes an ORF of 699 amino acids that shows a 32% amino acid identity to Drosophila melanogaster juvenile hormone esterase (JHE) that is involved in insect morphogenesis (52) . The Hz1V-JHE contains the conserved carboxylesterase domain from amino acids 3 to 453. No JHE homologues have been detected in other insect viruses. JHE inactivates juvenile hormone, which regulates the outcome of an insect molt, and is an essential enzyme for normal insect development. It has been an attractive targets for biorationally designed, environmentally safe pesticides (8, 21) . The expression of JHE by the Hz-1 virus may influence the developmental characteristics, weight gain, and time of mortality of the insects.
Comparison of the Hz-1 virus ORFs with baculovirus ORFs. The complete sequences of five NPVs and two GVs pathogenic for Lepidoptera, including AcMNPV, BmNPV, OpMNPV, SeMNPV, LdMNPV, PlxyGV, and XecnGV, yielded a wealth of information relating to the gene structure and organization of baculoviruses. A comparison of the Hz-1 virus gene content to that of the baculoviruses (31) shows that some Hz-1 virus genes are conserved in baculoviruses, including 11 genes involved in DNA replication, transcription, structural proteins, and the regulation of host metabolism, and five unknown baculovirus homologues (Table 3) . However, the most conserved baculovirus gene, polyhedrin or granulin, was not identified in the Hz-1 virus genome.
Further comparison of the Hz-1 virus genome with the NPVs and GVs genomes was carried out by using the prFLAG pairwise program. The results showed that no significant similarity was found either between the Hz-1 virus and AcMNPV, HearNPV, PlxyGV, and XecnGV genomes (data not shown). Interestingly, the low similarity between the NPVs and GVs suggests that the Hz-1 virus is at least a different genus from these groups.
Phylogeny of Hz-1 virus. Although the Hz-1 virus has been excluded from the Baculoviridae, the data from our sequence analysis indicate a striking similarity, including 16 genes that appear to be shared between the two groups. These include baculovirus homologs that are conserved for DNA replication, gene expression regulation, structural genes, and genes that affect the host metabolism of baculoviruses. However, the lack of homologous regions within the entire Hz-1 virus genome, an overall low level of identity between ORFs, the lack of conserved gene order, the absence of many genes present in all lepidopteran baculovirus genomes, and the lack of polyhedrin/ granulin and p10 homologs all suggest that the Hz-1 virus is distantly related to the baculoviruses. Recently, a similar situation has been reported for the Culex nigripalpus NPV (CuniNPV), which is a pathogenic baculovirus for dipteran, except that it has four putative hrs (2, 46) . CuniNPV has globular OBs and is not enveloped (46) . The phylogenetic analysis of CuniNPV p74 showed that it is a member of the baculovirus lineage distinct from lepidopteran NPVs and GVs (46) . The phylogenetic analysis of Hz-1 virus p74 suggests that it is even further away from the NPVs and GVs than CuniNPV is (Fig.  4) . The Hz-1 virus and CuniNPV genomic sequence analyses results suggest that these viruses may have gone through different evolution pathways from those of the NPVs and GVs. However, unlike CuniNPV, neither hrs nor OBs were identified in the Hz-1 virus genome. In conclusion, our analysis of the Hz-1 virus genome sequence revealed that the differences outnumber the similarities between the Hz-1 virus and baculoviruses and suggest that the Hz-1 virus may form a different class of virus that is distinct from Baculoviridae. Further comparison of the Hz-1 virus with other nudiviruses and baculoviruses should provide important insights into the evolution of both invertebrate and vertebrate viruses. 
